A pair plasma, with a pressure profile that allow its hydrostatic equilibrium, can be shown to be an exact equilibrium state for a configuration of its constituents rotating in the equatorial plane of a Schwarzschild black hole. This equilibrium state is achieved by the generation of a magnetic field that emerges by the interplay between the plasma dynamics and the gravitational field, having no flat spacetime analogue. No electric fields are needed to sustain the equilibria. The magnetic field shows a radial exponential decaying behavior, governed by a characteristc length of the system that emerges only due to the interaction between the pair plasma and the black hole.
I. INTRODUCTION
Equilibrium states can be one of the most interesting dynamical systems in plasmas, as they can, in principle, be physically possible at any scale [1] [2] [3] [4] [5] [6] [7] . In particular, the equiblibrium states can be sudied for relativistic plasmas in flat spacetimes (see for example Refs. [8] [9] [10] [11] ). Therefore, one relevant question is if any curvature of spacetime can alter previous steady-states or even trigger new ones.
Equilibria for plasmas in curved spacetime, for example around black holes, have been studied thoroughly, by using (among others) the force-free scheme in magnetohidrodynamics [12] [13] [14] [15] [16] [17] or generalized vortical dynamics [18] [19] [20] [21] . However, one can ask if exist a straightforward equilibrium state in the simplest curved spacetime, the Schwarzschild black hole.
It is the purpose of this work to show that such exact equilibrium state exists for a pair plasma. This equilibria is obtained under the general two-fluid plasma formalism taken into account the gravitational field produced by the static black hole, not using the force-free approach neither a vorticity formalism. As we will show in this short paper, the equilibrium can be achieved for a certain pressure profile that allows to mantain an hydrostatic equilibrium, even when the plasma is rotating around the black hole.
In general, the dynamics of the plasma will develop in a curved spacetime given by the metric
where M is the mass of the black hole (c = 1 = G along this work), r is the radial distance to it, and dΩ 2 = dθ 2 + sin 2 θ dφ 2 is the spherical solid angle, with 0 ≤ θ ≤ π, and 0 ≤ φ ≤ 2π. Here, α is called the lapse * Electronic address: felipe.asenjo@uai.cl function, as it represents the changes in proper time due to curvature. The complete and general dynamics for a multi-specie plasma can be written for fiducial observers (FIDOs). This was performed by Buzzi in Ref. [22] , and allow us to describe the plasma in a vectorial notation, in which each gravitational contribution due to the curvature becomes explicit into the formalism. For instance, the gravitational acceleration by the Schwarzschild black hole measured by FIDOs is simply
into the radial direction, allowing to find a generalization of the Newtonian gravitational force. Following Ref. [22] , for the spherical metric of a Schwarzschild black hole defined in (1), the general multispecie plasma equations written for FIDOs are composed by the continuity equation (with a subscript s for each specie)
where n is the plasma density, ∇ is the Laplace operator in this curved spacetime, and v = v rr + v θθ + v φφ is the three-dimensional velocity. Here, γ is the Lorentz factor associated to it, which it can be found by the normalization of the fluid four-velocity U µ U µ = −1, through
For each specie, we can also find the energy equation
where m and q are the mass and charge of each plasma specie component, P is the pressure, H = ε + P with ε as the total energy density, and E as the electric field. The plasma density and pressure are related by the a polytropic equation of state
where β and Γ (the polytropic index) are constants. In this way, it is obtained that [22] 
On the other hand, the momentum equation contains the gravitational acceleration experienced by the plasma
where B is the magnetic field. Finally, these equations are complemented with Maxwell equations written into the Schwarzschild background
Plasmas in a Schwarzschild background have been extensively study prevously (see for example Refs. [23] [24] [25] [26] [27] [28] ). In this paper, we use the above model to study the simplest equilibrium conditions that allows to have a nontrivial pair plasma (s = e, p). In Sec. II we calculate the pair plasma pressure needed in order to mantain the hydrostatic equilibrium against gravity at distance r from the black hole. This pressure results to be equal for electrons and positrons. In Sec. III, we show that the same pressure can help to sustain a more general equilibria if the pair plasma is rotating in the equatorial plane at given distance from the black hole. The plasma motion creates the needed magnetic field to achieve equilibrium, but no electric fields. This magnetic field emerges only due to the interplay between the plasma and the gravitational field, and it has no classical counterpart in the flat spacetime limit. Finally, in Sec. IV, we discuss the nature of this result in order to show that it is only possible as the plasma is around the black hole.
II. HYDROSTATIC EQUILIBRIA
Despite of the different solutions for general possible configurations in which a plasma can exist around a Schwarzschild black hole, one can readily find the most simple hydrostatic equilibrium solution for any plasma specie. Consider a stationary and static plasma fluid, implying that the plasma configuration, and its dynamics, do not change in time. Also, each plasma specie has no velocity and therefore no electromagnetic fields associated to it. In this case, the normalization of the plasma four-velocity (4) allow us to find that γ s = α −1 for any specie. As a consequence, every specie must have equal densities. These densities must be found by solving the equilibria. Notice that these assumptions satisfy identically Eqs. (3) and (5) for each specie, as well as every Maxwell equation (9)- (12) . Therefore, the hydrostatic equilibria can be solved through the momentum equation (8) , that now becomes in
With this equation we obtain the static equilibrium for each specie, allowing pressure to balance the gravitational attraction due to the black hole. We can notice that in flat-spacetimes, when M → 0, variations of plasma pressure are no longer required. In principle, each plasma specie must have different pressure in order to balance the gravity felt by its constituent masses. However, for a pair plasma it is possible to show that Eq. (13) can be solved for equal pressures and densities for both electron and positron components. This is only possible due to equal masses of the pair plasma constituents, and it is no longer valid if we introduce ions. For a pair plasma, composed by an electron fluid (with mass m e and charge −e) and a positron fluid (with mass m p = m e and charge e), with equal densities n e = n p = n, equal pressures P e = P p = P and equal equations of state (6) [with equal polytropic indexes Γ e = Γ p = Γ], Eq. (13) for each specie can be written as a single equation
where we have used (2) and (7). The pressure that sustain the equilibrium in a static and stationary pair plasma can be obtained by solving the above equation. We find that the pressure of both electrons and positrons result to be
and the equal density for both species in the pair plasma is
.
(16) Here m 0 is an arbitrary constant to be determined. Assuming that in the flat spacetime limit, when M → 0, the pair plasma has constant density n 0 and constant pressure, we find that
Thus, in the flat spacetime limit, n → n 0 , P → βn Γ 0 , and ∂ r P → 0. Finally, we can also find that
is equal for electrons and positrons. Pressure (15) is the thermodynamical condition for a static and stationary plasma to remain in equilibrium at some distance r from a Schwarzschild black hole, balancing the gravitational force with the gradient of pressure.
One relevant question is if it is possible to find an equilibrium state different from a static one. In next section we show that this state is possible for a pair plasma rotating the black hole, creating in the process its own magnetic field. The magnetic field is the exact result of the motion of the pair plasma in order to keep it at equilibrium at some distance r from a Schwarzschild black hole.
III. EXACT EQUILIBRIUM STATE
Let us now consider a equilibria for a axisymmetric pair plasma flow in a Schwarzschild geometry. This kind of systems have been studied previously [28] under a magnetohydrodynamical approximation. However, here we will consider a two-fluid scheme, showing that we are able to obtain a simpler and general solution.
Let us assume that the electrons and positrons in the pair plasma have the equilibrium density (16) , implying that the pressure of each component satisfies the equilibrium relation (13) . We will study a pair plasma with no electric field, E = 0, and thus the solution of Eq. (9) require that electrons and positrons have the same Lorentz factors γ e = γ p , which will be proven below.
In order to study an equilibrium state, let us consider, without loss of generality, a pair plasma with components flowing in the φ-direction in the equatiorial plane θ = π/2, depending only on radial distance, such that v s (r) = v s (r)φ. In this way, a · v s = 0, ∇ · v s = 0 and v s ·∇ = 0. We propose that the motion of the pair plasma constituents, altogheter with an interplay with the gravitational field of the black hole, generates an equilibrium magnetic field seed given by Eq. (12) . This magnetic field has a direction out of the equatiorial plane, with the form B(r) = B(r)θ/ sin θ = B(r)θ in the equatorial plane, satisfying identically Maxwell equation (10) .
In this new equilibrium state, both continuity equation (3) and energy equation (5) are satisfied identically. Thereby, the momentum equation is the only remaining dynamical equation to be solved for each specie in this pair plasma
where we have used explicitly our assumption that pressure and densities satisfy the equilibria (13), with equal density and H for both plasma constituents, given by (16) and (18) respectively. In the equatorial plane, the Lorentz factor (4) becomes simply
With this, it is straightforward to show that the exact solution of (19) for electrons (e) and positrons (p) are
showing that electrons (q e = −e) and positrons (q p = e) are rotating opposite in the φ-direction. On the other hand, from (21) and (4) we can obtain that Lorentz factors for electrons and positrons are equal
implying that this drift between species does not create any electric field, as we assumed above. In order to finally calculate the generated magnetic field, we use the Maxwell equation (12) evaluated in equilibrium along the φ-direction in the equatorial plane
where we have used the exact result (21) for velocities. Here, λ = λ(r) is a characteristic length that depends on radial distance. It describes the interaction bewteen the pair plasma and the gravitational field of the Schwarzschild black hole, and it is given by
where density is evaluated through Eq. (16) . The final solution of Eq. (23) for the generated magnetic field is
where B 0 is a constant. The characteristic length (24) emerges as a consequence of the interaction of the plasma with the curved spacetime. It contains information of the dynamical length of the pair plasma (inverse of the plasma frequency) and the characteristic length of a the black hole (its mass).
IV. ON THE GENERATED MAGNETIC FIELD
The existence of a generated magnetic field, with magnitude given by (25) and pointing out of the equatorial plane, is only due to the gravitational field of the black hole. It has no classical counterpart, as the length λ is proportional to the mass of the Schwarzschild black hole, and in the flat spacetime limit (M → 0) we have λ → 0 (as α → 1 and n → n 0 ), and then B → 0. Therefore, this generated magnetic field is a consequence of the curvature of spacetime.
The idea that the interaction between gravitational fields and plasma dynamics can create magnetic field was explored in Ref. [29, 30] , and then deeply studied in Refs. [18] [19] [20] [21] . The result for magnetic field (25) is in agreement with the ideas and concepts presented in those references. However, its nature is different as its origin is not coming from vorticity. Unlike from the equilibrium magnetic fields in a generalized vorticity context, the analisys shown along this work does not use a vortical formalism. In fact, by taking the curl of Eq. (8) with our assumptions (every dynamical plasma quantity depending only on the radial distance) would eliminate any trace of the gravitational field. Therefore, the equilibrium state generated by the magnetic field (25) and velocities (21) cannot be obtained within the generalized vorticity formalism.
It is important to remark that magnetic field (25) [or (26) ] gives information on the mass of the Schwarzschild black hole. This is achieved through the characteristic length (24) . This length is a kind of a skin depth for the magnetic field, in an analogous form than a magnetic field satisfying the London equation for superconductivity. Howeever, it works in a different way as we will see below. Magnetic fields in plasmas physics that present a diamagnetic behavior have been studied previously in the context of vortical dynamics [31] . Our result is different from origin, but it has a similar behavior. In order to explicitly see this, let us consider the limit r ≫ M (far from the black hole or small black hole). In this case, we find that λ ≈ M/(2ω 2 p r 2 ), where ω p = 4πe 2 n 0 /m e is the constant pair plasma frequency at infinity. Thereby, the magnetic field (25) in θ-direction acquires the form
whereas the velocties (21) of the pair plasma constituents in the equatorial plane in φ-direction become
where γ e = γ e ≈ 1 in this limit. Magnetic field (26) and the plasma velocites (27) approaches to zero as r → ∞. However, at given distance r ≫ M , the magnetic field (26) always exist in this equilibrium state. In this limit, magnetic field (26) is confined to distances
which can be always be possible for low plasma densities, such that M ω p ≪ 1. This implies that the magnetic field can jump from a value 0 to a value ∼ B 0 /r c very rapidly in a very narrow zone around r ≈ r c . FIDOs at distance r ≫ r c do not measure any magnetic field, but as soon as get closer to the narrow zone, it would measure a large magnetic field. Therefore, the magnetic field is confined close to the black hole, undetected from very far from it. This is like an inverse behavior to a superconductor (in which the magnetic field is expulsed from it). Finally, we can think that more general equilibria can be found for more general and complex curved spacetime, as rotating Kerr black holes. However, several of our assumptions must be relaxed in order to be able to establish an equilibria or the appearing of instabilities [27] .
